Introduction
============

Multiple sclerosis (MS) is generally defined as a chronic inflammatory disease of the central nervous system (CNS) that is characterized by focal demyelinating lesions ([@b1]). As four different lesion subtypes can be discriminated, MS lesions are often histologically classified by the presence of an autoimmune reaction, reactive gliosis, oxidative damage and deterioration of axonal integrity ([@b2]). Due to this lesion heterogeneity, no single test currently exists for the diagnosis of MS, and therefore MS is mainly diagnosed following a battery of tests. MRI is one of the frequently used diagnostic tools for MS, as it allows elimination of other diseases such as spinal stenosis or brain tumors ([@b3]). However, most of the frequently applied conventional MRI sequences focus on the detection of white matter abnormalities, while providing only little additional pathological information. As such, these techniques do not allow discrimination between demyelination, inflammation, gliosis, edema and compromised axonal integrity.

Proton MRS (^1^H-MRS), however, has the advantage over conventional MRI techniques that it provides biochemical information on the lesion pathology by visualization of a spectrum of metabolites ([@b4]). For example, N-acetylaspartate (NAA) is found in high concentrations in the CNS and is almost exclusively localized to neurons ([@b5]). Therefore, NAA concentrations are often linked to neuronal and axonal integrity ([@b6]), and a decrease over time of NAA is observed in MS patients ([@b7]). Several rodent studies have shown that decreased NAA levels often occur together with an increase in taurine (Tau). Tau has been linked to astrogliosis, as it was seen upregulated in activated astrocytes ([@b8],[@b9]). However, Tau is known to fulfill an osmoregulatory function and, as such, following release of Tau by astrocytes it might function as a neuroprotective agent against inflammation-associated edema ([@b8]--[@b10]). NAA and Tau are just two of the many metabolites that ^1^H-MRS can visualize, offering valuable information related to the lesion pathology.

To further unravel the pathological meaning of the different ^1^H-MRS metabolites during demyelination, we used the cuprizone (CPZ) mouse model for human MS. CPZ induces a perturbation of oligodendrocyte metabolism characterized by a disease pathology resembling type III MS lesions, which are highly suggestive of a primary oligodendrocyte dystrophy rather than autoimmunity ([@b2],[@b11]--[@b14]). Microglia are known to play a major role in the occurrence of demyelinating lesions in the CNS, and are considered a driving factor behind oligodendrocyte apoptosis and efficient phagocytosis of myelin debris following CPZ treatment ([@b14]--[@b18]). CX~3~CL1/CX~3~CR1 signaling has previously been identified as a major regulator of microglial activity ([@b19],[@b20]). With regard to MS, the role of CX~3~CL1/CX~3~CR1 signaling was previously investigated in the EAE mouse model. Unexpectedly, CX~3~CR1^−/−^ mice displayed an exacerbated disease course due to dysfunctional natural killer ([@b20]) cell recruitment towards CNS lesions. The latter resulted in a defective immune reaction, and subsequently a failure to initiate disease remission ([@b21]). In the CPZ mouse model of MS, however, a toxin-induced mouse model, the role of CX~3~CL1/CX~3~CR1 signaling has thus far not been investigated.

In this context, we here investigated whether CX~3~CL1/CX~3~CR1 signaling contributes to inflammation and demyelination in the CPZ mouse model. To this end, we performed an extensive quantitative histological analysis to determine total cell infiltration, microgliosis, astrogliosis, oligodendrocyte survival and myelination in the splenium of 12-week-old CX~3~CR1^+/+^, CX~3~CR1^+/−^ and CX~3~CR1^−/−^ mice on a normal rodent diet or a four-week CPZ-supplemented rodent diet. In the second part of this study, we investigated the possibility of ^1^H-MRS to discriminate in vivo between the CPZ-induced severe demyelination and gliosis as observed in CX~3~CR1^+/+^ mice, compared with the mild demyelination without gliosis as observed in CX~3~CR1^−/−^ mice.

Materials and Methods
=====================

Animal experiments
------------------

Female wild type C57BL/6 J mice (denoted CX~3~CR1^+/+^ mice, n = 34), 8 weeks of age, were obtained via Charles River Laboratories (L\'Arbresle Cedex, France) (strain code 027). Female B6.129P-Cx3cr1^tm1Litt^/J mice (denoted CX~3~CR1^−/−^ mice, n = 33) were obtained via Jackson Laboratories (Bar Harbor, Maine, USA) (strain code 5582) and further bred in the specific pathogen free facility of the University of Antwerp. According to the information available upon purchase, the donating investigator has reported to Jackson Laboratories that original CX~3~CR1^+/−^ chimeric animals were backcrossed to C57BL/6 background for 10 generations before being made homozygous. Female B6.129P-Cx3cr1^tm1Litt^/J mice were mated with male wild type C57BL/6 J mice and female offspring were used (denoted CX~3~CR1^+/−^ mice, n = 15). For all experiments, mice were kept in a normal day--night cycle (12/12) with free access to food and water. For induction of CNS inflammation and demyelination, CX~3~CR1^+/+^, CX~3~CR1^+/−^ and CX~3~CR1^−/−^ mice received standard rodent chow mixed with 0.2% w/w CPZ (Sigma-Aldrich, Diegem, Belgium) for 4 weeks between the ages of 8 and 12 weeks. All experimental procedures were performed in accordance with European guidelines (2010/63/EU) and were approved by the Ethics Committee for Animal Experiments of the University of Antwerp (approval nos 2011/13 and 2013/57).

Histological analysis -- immunofluorescence staining
----------------------------------------------------

For histological analysis, we used a total of 14 CX~3~CR1^+/+^ mice, 15 CX~3~CR1^+/−^ mice and 14 CX~3~CR1^−/−^ mice. At the age of 12 weeks, after 4 weeks on standard rodent chow or a 0.2% CPZ-supplemented rodent chow diet, mice were deeply anaesthetized via an intraperitoneal injection of 60 mg/kg BW pentobarbital (Nembutal, Ceva Santé Animale, Brussel, Belgium), transcardially perfused with ice cold 0.9% NaCl and perfused--fixed with 4% paraformaldehyde. Whole brains were surgically removed and post-fixed in 4% paraformaldehyde for 2 h. Fixed brains were freeze-protected via a sucrose gradient (2 h at 5%, 2 h at 10% and overnight at 20%), snap frozen in liquid nitrogen and stored at −80 °C until further processing. Consecutive 10 µm thick cryosections were prepared using a microm HM500 cryostat (Prosan, Merelbeke, Belgium) at the level of the splenium. Immunofluorescent analysis was performed according to previously optimized procedures ([@b22]) using the following antibodies: a rabbit anti-IBA1 antibody (Wako, 019-19741; 1/400 dilution, Neuss, Germany) in combination with an FITC-labeled goat anti-rabbit secondary antibody (Jackson ImmunoResearch, 111-096-114; 1/600 dilution, Suffolk, UK), a mouse anti-APC/CC1 antibody (Calbiochem, OP80; 1/200 dilution, Darmstadt, Germany) in combination with an AF555-labeled goat anti-mouse secondary antibody (Invitrogen, AF21425; 1/300 dilution, Ghent, Belgium), a mouse anti-GFAP antibody (Millipore Bioscience, MAB360; 1/400 dilution, Overijse, Belgium) in combination with a Pacific Blue-labeled goat anti-mouse secondary antibody (Invitrogen, P31581; 1/200 dilution), a rabbit anti-S100β antibody (Chemicon, MAB377; 1/200 dilution, Temecula, California, US) in combination with an AF555-labeled donkey anti-rabbit secondary antibody (Invitrogen, A31572; 1/1000 dilution) and a chicken anti-MBP (myelin basic protein) antibody (Millipore, AB9348; 1/200 dilution) in combination with a DyLight549 donkey anti-chicken secondary antibody (Jackson ImmunoResearch, 703-506-155; 1/1000 dilution). Slides were counterstained with TOPRO-3 (Invitrogen, T3605, 1/200 dilution) and were then mounted using Prolong Gold Antifade (Invitrogen, P36930). Immunofluorescence images were acquired using a standard research fluorescence microscope (Olympus BX51 fluorescence microscope, Aartselaar, Belgium) equipped with an Olympus DP71 digital camera. Olympus cellSens software was used for image acquisition.

Histological analysis -- quantitative analysis
----------------------------------------------

Quantitative analysis of obtained immunofluorescence images was performed using NIH ImageJ analysis software (ImageJ) and TissueQuest immunofluorescence analysis software (TissueGnostics, Vienna, Austria), according to previously established procedures ([@b22]). The following parameters were determined: (a) total cell density in the splenium provided as no of cells/mm^2^ (3--12 slides with 6--24 data counts per mouse brain analyzed), (b) IBA1+ microglial density in the splenium provided as no of cells/mm^2^ (2--9 slides with 4--17 data counts per mouse brain analyzed), (c) CC1+ oligodendrocyte density in the splenium provided as no of cells/mm^2^ (1--4 slides with 2--8 data counts per mouse brain analyzed), (d) the degree of MBP+ myelination in the splenium provided as % optical density (O.D.) MBP staining (1--2 slides with 2--4 data counts per mouse brain analyzed), (e) S100β + astrocyte density in the splenium provided as no of cells/mm^2^ (1 slide with 2 data counts per mouse brain analyzed) and (f) the degree of GFAP+ astrogliosis in the splenium provided as % O.D. GFAP staining (1--4 slides with 2--8 data counts per mouse brain analyzed).

MRI and MRS acquisition
-----------------------

For ^1^H-MRS analysis, we used a total of 20 CX~3~CR1^+/+^ mice and 19 CX~3~CR1^−/−^ mice. At the age of 12 weeks, after 4 weeks on standard rodent chow or a 0.2% CPZ-supplemented rodent chow diet, mice were subjected to ^1^H-MRS analysis. All MRI measurements were made using a 9.4 T BioSpec MR scanner with a 20 cm diameter horizontal bore (BioSpec 94/20 USR, Bruker BioSpin, Ettlingen, Germany). This system is equipped with a standard Bruker cross-coil setup, using a quadrature volume coil for excitation and quadrature mouse surface coil for signal detection. The system was interfaced to a Linux PC running Topspin 2.0 and ParaVision 5.1 software (Bruker BioSpin). Mouse anesthesia is induced using 3% isoflurane (Forane, Abbott, West Berkshire, UK) in a gas mixture of 30% O~2~ and 70% N~2~ at a flow rate of 600 ml/min. During MR acquisition, isoflurane concentration was maintained at 2% and mouse respiration rate was constantly monitored using a pressure sensitive pad. In addition, mouse body temperature was monitored via a rectal probe and was held constant at 37.0 ± 0.5 °C using warm air coupled to a feedback unit (SA Instruments, New York, USA). Both respiration and body temperature control systems were controlled by pcSam monitoring software (SA Instruments). To localize the volume of interest (VOI), we acquired axial, coronal and sagittal multislice rapid acquisition and relaxation enhancement (RARE) images using the following parameters: repetition time (T~R~) = 2500 ms, echo time (T~E~) = 33 ms, matrix size 256 × 256, field of view = 20 × 20 mm, 16 slices, slice thickness = 0.4 mm, RARE factor = 8. The ^1^H-MRS VOI (0.9 mm × 2.5 mm × 1 mm = 2.25 mm^3^) was placed in the splenium of mice brains, corresponding to the region chosen for histological analysis. The VOI is indicated on the T~2~ images shown later in Fig.[3](#fig03){ref-type="fig"}(A) (by a thin white dashed box) or in Supplementary File 2, which shows the correspondence between the histological region of interest and the ^1^H-MRS VOI. Based on the RARE images we were able to estimate the volume fractions of cerebrospinal fluid (f~csf~) as well as gray and white matter (f~gm~ and f~wm~) within the VOI, allowing us to perform a partial volume correction using LCModel. The VOI first and second order shim terms were automatically adjusted using FASTMAP ([@b23],[@b24]). Water line widths were obtained between 18 and 20 Hz. ^1^H-MR spectra were acquired using a point-resolved spectroscopy sequence in combination with outer volume suppression (OVS) and VAPOR water suppression ([@b25],[@b26]). The following parameters were used: T~R~ = 4000 ms, T~E~ = 15 ms, number of averages = 720, total acquisition time = 48 min. For each animal, an unsuppressed water signal (T~E~ = 15 ms, T~R~ = 4000 ms, 64 averages, scanning time = 5 min, VAPOR and OVS turned off) was acquired immediately after acquiring the water-suppressed spectrum. During post-processing, this unsuppressed water signal was used for eddy-current correction by LCModel, where the water-suppressed MRS signal (in the time domain) is pointwise divided by the phase part of the unsuppressed water signal ([@b27]). In addition, the unsuppressed water signal served as a concentration reference to determine absolute metabolite concentrations by means of water scaling in LCModel.

MRI and MRS analysis
--------------------

^1^H-MR spectra were analyzed using an automated deconvolution program as described previously (LCModel) ([@b23],[@b28],[@b29]). Absolute metabolite concentrations (in µmol/g) were determined using the unsuppressed water signal as internal reference for quantification with water scaling. In addition, absolute metabolite concentrations were corrected for partial volume effects by taking f~wm~ and f~gm~ into account in the quantification ([@b28],[@b30]). These volume fractions were used to correct the total water concentration for each VOI using the following equation: water concentration = (43 300f~gm~ + 35 880f~wm~ + 55 556f~csf~)/(1 − f~csf~). The water concentrations for each of these fractions were taken from Ernst et al. ([@b31]). As such, the following metabolites were analyzed: alanine (Ala), aspartate (Asp), choline (Cho), creatine (Cr), phosphocreatine (PCr), γ-aminobutyric acid (GABA), glucose, glutamate (Glu), glutamine (Gln), glutathione, glycerophosphorylcholine (GPC), phosphorylcholine (PCho), myo-inositol, lactate (Lac), NAA, N-acetylaspartylglutamate (NAAG), phosphorylethanolamine, scyllo-inositol and Tau. The LCModel software package also provided Cramér--Rao lower bounds (CRLBs, estimated error of quantification) for each metabolite, which allowed assessment of the precision of the metabolite quantification. Stringent criteria were applied to ensure that metabolites were successfully quantified: metabolites quantified with CRLB \> 20% were classified as not detected, and metabolites quantified with CRLB ≤ 20% in at least 50% of the spectra were included in the neurochemical profile. In most spectra, the present analysis was unable to reliably discern PCh from GPC, NAA from NAAG or Cr from PCr. More accurate are the sums expressed as total choline-containing compounds (GPC + PCh, or tCho), total N-acetylaspartate (NAA + NAAG, or tNAA) and total creatine (Cr + PCr, or tCr), as recommended by the LCModel manual ([@b28]).

Statistical analysis
--------------------

For analysis of histology data, generalized estimating equations ([@b32]) were used for within and between group comparisons, taking within and between mouse variability into account. A post-hoc Bonferroni correction for multiple comparisons was performed. Both the uncorrected and Bonferroni-corrected p-values for all possible within and between group comparisons are provided in Supplementary File S1. A p-value less than 0.05 was considered to be statistically significant. For analysis of ^1^H-MRS data, a two-way ANOVA was used to identify significant differences in metabolite ratios in CX~3~CR1^+/+^ and CX~3~CR1^−/−^ mouse groups. A post-hoc Bonferroni correction for multiple comparisons was performed. A p-value less than 0.05 was considered to be statistically significant.

Results
=======

CX3CL1/CX3CR1 signaling contributes to CPZ-induced demyelination
----------------------------------------------------------------

In order to investigate the role of CX~3~CL1/CX~3~CR1 signaling during the inflammatory phase of CPZ-induced CNS demyelination, six experimental mouse groups were included in two independent experiments, and shown here are the pooled data from (a) wild type CX~3~CR1^+/+^ C57BL/6 mice at the age of 12 weeks (n = 7), (b) wild type CX~3~CR1^+/+^ C57BL/6 mice at the age of 12 weeks that received a 0.2% CPZ-supplemented diet between the age of 8 and 12 weeks (n = 7), (c) transgenic CX~3~CR1^+/−^ C57BL/6 mice, in which one copy of the CX3CR1 gene is replaced by the eGFP reporter gene, at the age of 12 weeks (n = 7), (d) transgenic CX~3~CR1^+/−^ C57BL/6 mice at the age of 12 weeks that received a 0.2% CPZ-supplemented diet between the age of 8 and 12 weeks (n = 8), (e) transgenic CX~3~CR1^−/−^ C57BL/6 mice, in which both copies of the CX~3~CR1 gene are replaced by the eGFP reporter gene, at the age of 12 weeks (n = 7) and (f) transgenic CX~3~CR1^+/−^ C57BL/6 mice at the age of 12 weeks that received a 0.2% CPZ-supplemented diet between the age of 8 and 12 weeks (n = 7). Note that mice receiving the 0.2% CPZ-supplemented diet do not lose weight, but fail to gain weight when compared with mice on standard rodent chow. Fig.[1](#fig01){ref-type="fig"} provides an overview of representative immunofluorescence images taken from the splenium at the age of 12 weeks for each of the different groups. For clarity, the exact anatomical localization of the images is provided in Supplementary File S2 and larger images of those provided in Fig.[1](#fig01){ref-type="fig"} are provided in Supplementary File S3. On each of the images, the splenium is delineated by a white dotted line. Note that thickness of the splenium varies between experimental groups, as the presence of an inflammatory reaction causes swelling of the splenium. Within the splenium, total cell density (no of nuclei/mm^2^), oligodendrocyte density (no of CC1+ cells/mm^2^), microglial density (no of IBA1+ or eGFP+ cells/mm^2^), astrocyte density (no of S100β + cells/mm^2^), degree of astrogliosis (% O.D. GFAP) and degree of myelination (% O.D. MBP) were quantified and plotted in Fig.[2](#fig02){ref-type="fig"} for each of the groups.

![Representative immunofluorescence images taken from the splenium of control and CPZ-treated CX~3~CR1^+/+^, CX~3~CR1^+/−^ and CX~3~CR1^−/−^ mice. All images were taken from the same reference point and the splenium is delineated using thin white lines. TOPRO-3 staining (first column) visualizes total cell density (in purple, false color image). IBA1 staining or direct eGFP fluorescence (second column) visualizes microglial density (in green). CC1 staining (second column) visualizes oligodendrocyte density (in red). MBP staining (third column) visualizes myelination (in red). S100β staining (fourth column) visualizes oligodendrocyte density (in red). GFAP staining (fourth column) visualizes astrogliosis (in blue). Scale bars indicate 100 µm.](nbm0028-0505-f1){#fig01}

![Quantitative analysis of the immunofluorescence images. Dot-plot charts indicate within the delineated splenium and per mouse analyzed (a) total nuclei/mm^2^, (b) IBA1^+^ microglia/mm^2^, (c) CC1^+^ oligodendrocytes/mm^2^, (d) % MBP^+^ myelination status as determined by O.D., (e) S100β^+^ astrocytes/mm^2^ and (f) % GFAP^+^ astrogliosis as determined by O.D. (\*p \< 0.05; \*\*p \< 0.0001).](nbm0028-0505-f2){#fig02}

With regard to total cell density in the splenium (Fig.[1](#fig01){ref-type="fig"} TOPRO-3 staining and Fig.[2](#fig02){ref-type="fig"}(a)), a significant increase was observed in CPZ-treated CX~3~CR1^+/+^ and CX~3~CR1^+/−^ mice as compared with control CX~3~CR1^+/+^ and CX~3~CR1^+/−^ mice (both p \< 0.0001). In contrast, total cellular density in the splenium of CX~3~CR1^−/−^ mice did not significantly increase following CPZ treatment as compared with control CX~3~CR1^−/−^ mice, despite slight edema in the splenium due to the inherent toxicity of CPZ administration ([@b12]). The increase in cellular density in the splenium of CPZ-treated CX~3~CR1^+/+^ and CX~3~CR1^+/−^ mice can mainly be ascribed to the transmigration of microglia (Fig.[1](#fig01){ref-type="fig"} IBA1 staining or direct eGFP fluorescence and Fig.[2](#fig02){ref-type="fig"}(b), p \< 0.0001). Although a small increase in the number of microglia was observed in CPZ-treated CX~3~CR1^−/−^ mice as compared with control CX~3~CR1^−/−^ mice, the increase in microglial density was not statistically significant after correction for multiple testing (p = 0.1974; p = 0.0132 without multiple testing correction).

In the CPZ model, it has previously been shown that microglia effectively contribute to oligodendrocyte cell death ([@b16]). Therefore, the severe transmigration of microglia to the splenium of CPZ-treated CX~3~CR1^+/+^ mice and CX~3~CR1^+/−^ mice logically resulted in a notable decrease of CC1+ oligodendrocytes (Fig.[1](#fig01){ref-type="fig"} CC1 staining and Fig.[2](#fig02){ref-type="fig"}(c), p \< 0.0001). In the absence of microglial accumulation in CPZ-treated CX~3~CR1^−/−^ mice, the number of CC1+ oligodendrocytes did not significantly differ from that in control CX~3~CR1^−/−^ mice (p = 0.7939). The degree of oligodendrocyte survival is obviously linked to myelination, and as such CPZ-treated CX~3~CR1^+/+^ and CX~3~CR1^+/−^ mice display severe demyelination of the splenium in comparison to control CX~3~CR1^+/+^ and CX~3~CR1^+/−^ mice (Fig.[1](#fig01){ref-type="fig"} MBP staining and Fig.[2](#fig02){ref-type="fig"}(d), p \< 0.0001). In contrast, CPZ-treated CX~3~CR1^−/−^ mice displayed only minimal demyelination of the splenium as compared with control CX~3~CR1^−/−^ mice (p \< 0.0001), which was markedly reduced compared with the demyelination observed in CX~3~CR1^+/+^ and CX~3~CR1^+/−^ mice (p \< 0.0001). This small degree of demyelination, despite survival of the CC1+ oligodendrocytes in CPZ-treated CX~3~CR1^−/−^ mice, can however be attributed to the metabolic stress CPZ treatment induces on oligodendrocytes ([@b12],[@b33]).

Finally, in addition to the absence of microglial cell responses and demyelination in CPZ-treated CX~3~CR1^−/−^ mice, astroglial cell responses were highly reduced or absent. While the number of S100β + astrocytes (Fig.[1](#fig01){ref-type="fig"} S100β staining and Fig.[2](#fig02){ref-type="fig"}(e)) is significantly increased in the splenium of CX~3~CR1^+/+^ and CX~3~CR1^+/−^ mice following CPZ treatment as compared with control CX~3~CR1^+/+^ and CX~3~CR1^+/−^ mice (p = 0.0270 and p = 0.0159 respectively), the small increase in astrocyte density within the splenium of CPZ-treated CX~3~CR1^−/−^ mice was not statistically significant after correction for multiple testing (p = 0.6375; p = 0.0425 without multiple testing correction). In addition, similar results were observed at the level of astroglial cell activity, as determined by the degree of astrogliosis observed within the splenium (Fig.[1](#fig01){ref-type="fig"} GFAP staining and Fig.[2](#fig02){ref-type="fig"}(f)). While CPZ-treated CX~3~CR1^+/+^ and CX~3~CR1^+/−^ mice display severe astrogliosis in the splenium in comparison with control CX~3~CR1^+/+^ and CX~3~CR1^+/−^ mice (p \< 0.0001), astrogliosis detected in the splenium of CPZ-treated CX~3~CR1^−/−^ mice was not statistically significant after correction for multiple testing (p = 0.3112; p = 0.0208 without multiple testing correction).

^1^H-MRS analysis allows discrimination of demyelination from demyelination-associated inflammation
---------------------------------------------------------------------------------------------------

As we observed that CPZ treatment of CX~3~CR1^−/−^ mice induces mild demyelination without microglial accumulation or astrogliosis, CX~3~CR1^−/−^ mice offer a valuable tool to identify the contribution of specific metabolites to changes in the ^1^H-MRS spectrum. As such, we performed ^1^H-MRS on two groups of mice: (i) wild type CX~3~CR1^+/+^ C57BL/6 mice (n = 20) and (ii) transgenic CX~3~CR1^−/−^ C57BL/6 mice (n = 19). ^1^H-MRS analysis was performed at 12 weeks of age in control mice (n = 10 for CX~3~CR1^+/+^ C57BL/6 mice and n = 11 for CX~3~CR1^−/−^ C57BL/6 mice) or in mice that had been on a 0.2% CPZ-supplemented diet for 4 weeks between the age of 8 and 12 weeks (CPZ, n = 10 for CX~3~CR1^+/+^ C57BL/6 mice and n = 8 for CX~3~CR1^−/−^ C57BL/6 mice). Fig.[3](#fig03){ref-type="fig"}(A) shows representative T~2~ MR images for the respective groups, which were acquired alongside the ^1^H-MRS spectra. The thin white dashed box each time indicates the placement of the ^1^H-MRS VOI. On these T~2~ images, both control CX~3~CR1^+/+^ and CX~3~CR1^−/−^ mice show a densely myelinated splenium (hypointense contrast). Following 4 weeks of CPZ treatment, CX3CR1^+/+^ mice show hyperintense contrast, indicative of demyelination, inflammation and edema. In contrast, CPZ-treated CX~3~CR1^−/−^ mice do not show hyperintense contrast following 4 weeks of CPZ treatment, and instead only lose the hypointense contrast. Fig.[3](#fig03){ref-type="fig"}(B) and (C) shows representative ^1^H-MRS spectra of the different groups, acquired from the VOI within the splenium. The quantification of the absolute metabolite concentration (µmol/g) is then shown in Fig.[3](#fig03){ref-type="fig"}(D) for CX~3~CR1^+/+^ mice and in Fig.[3](#fig03){ref-type="fig"}(E) for CX~3~CR1^−/−^ mice. For CX~3~CR1^+/+^ mice, we observed that following CPZ treatment a significant decrease occurs in the absolute concentration of Glu (p = 0.0437), tCho (p = 0.0005) and tNAA (p \< 0.0001), while the absolute concentration of Tau was significantly increased (p \< 0.0001). In contrast, following CPZ treatment of CX~3~CR1^−/−^ mice, we only observed a significant decrease in the absolute concentration of tCho (p \< 0.0001) and tNAA (p = 0.0022), while other metabolites were unaffected.

![^1^H-MRS analysis of control and CPZ-treated CX~3~CR1^+/+^ and CX~3~CR1^−/−^ mice. (A) Representative T~2~ images showing edema, inflammation and demyelination in CPZ-treated CX~3~CR1^+/+^ mice but only demyelination in CPZ-treated CX~3~CR1^−/−^ mice. The thin white dashed boxes indicate the placement of the ^1^H-MRS VOI. (B), (C) ^1^H-MRS spectra of control and CPZ-treated CX~3~CR1^+/+^ and CX~3~CR1^−/−^ mice respectively. (D), (E) Bar charts showing the quantification of the different metabolites as seen in the ^1^H-MRS spectra of control and CPZ-treated CX~3~CR1^+/+^ and CX~3~CR1^−/−^ mice respectively (shown in µmol/g ± SD, \*p \< 0.05 and \*\*p \< 0.01 and \*\*\* p \< 0.001).](nbm0028-0505-f3){#fig03}

Discussion
==========

In the first part of this study we observed that, in contrast to CX~3~CR1^+/+^ mice, CPZ treatment of CX~3~CR1^−/−^ mice does not induce any reactive microgliosis. These results are in line with the currently accepted hypothesis that membrane-bound CX~3~CL1 can be cleaved from neuronal membranes and that the resulting soluble CX~3~CL1 drives microglial migration and activation ([@b34]). In the course of our experiments we attempted to demonstrate the presence of soluble CX~3~CL1 in the splenium of CPZ-treated wild type, CX~3~CR1^+/−^ and CX~3~CR1^−/−^ mice. Given the technical difficulties associated with this type of analysis, to date we did not yet succeed in doing so. However, as the presence of soluble CX~3~CL1 has previously been shown in the demyelinating spinal cord of EAE-induced mice ([@b21]), we postulate that a similar shedding of soluble CX~3~CL1 might occur in the demyelinating splenium of CPZ-treated mice. In addition, due to the absence of reactive microgliosis in CPZ-treated CX~3~CR1^−/−^ mice, oligodendrocyte cell death, and thus also demyelination, were markedly reduced. These results are in line with previous observations that microglia actively contribute to the induction of apoptosis of metabolically stressed oligodendrocytes ([@b16]). Of note, the metabolic stress induced by CPZ treatment inhibits myelin lipid and protein synthesis while normal catabolic processes continue ([@b14],[@b35]). This process therefore slowly induces myelin sheath disintegration, explaining why we observed a small but significant amount of demyelination in CX~3~CR1^−/−^ mice following 4 weeks of CPZ treatment. It was recently shown that oligodendrocyte apoptosis can occur within days following CPZ treatment due to a selective reduction in amino acid levels, and thus without extensive microgliosis ([@b36]). This finding stresses the fact that, while microglia might actively contribute to oligodendrocyte apoptosis, they cannot be solely held responsible for the apoptosis of all oligodendrocytes following CPZ treatment. Additionally, while it might be argued that the microglial contribution to oligodendrocyte apoptosis is a specific feature of the CPZ mouse model, to date it is still unclear exactly how microglia contribute to the (early) pathophysiology of different types of human MS lesion. Nonetheless, the study presented here is the first to show the important role of CX~3~CL1/CX~3~CR1 signaling for efficient microglial accumulation, and thus oligodendrocyte apoptosis and demyelination, following 4 weeks of 0.2% CPZ treatment.

In the second part of this study, we investigated if ^1^H-MRS was able to discriminate between the different pathological phenotypes observed in CX~3~CR1^+/+^ and CX~3~CR1^−/−^ mice following a 4-week 0.2% CPZ-supplemented diet. ^1^H-MRS studies in human MS patients have shown that a decrease in NAA is often linked to neuronal and axonal damage ([@b37],[@b38]). In addition, it is known that the axon diameter correlates well with myelin sheath thickness ([@b39]), and the axon diameter was seen to decrease upon demyelination ([@b40]). As such, the observed decrease in tNAA concentration in both CX~3~CR1^+/+^ and CX~3~CR1^−/−^ mice following 4 weeks of 0.2% CPZ treatment can, albeit indirectly, be linked to demyelination, as a loss of myelin at 4 weeks of CPZ treatment was previously shown to result in a compromised axonal integrity ([@b41]). The observed decrease in absolute tNAA concentration following 4 weeks of 0.2% CPZ treatment was more pronounced in CX~3~CR1^+/+^ mice (from 9.6 ± 0.5 µmol/g to 8.5 ± 0.4 µmol/g, p \< 0.0001) as compared with CX~3~CR1^−/−^ mice (from 9.3 ± 0.6 µmol/g to 8.5 ± 0.4 µmol/g, p = 0.0022). As axonal diameter and integrity is linked to myelination, this larger decrease in absolute tNAA concentration in CX~3~CR1^+/+^ mice can be explained by the more pronounced demyelination in these mice (as was observed histologically).

In line with tNAA, the absolute concentration of tCho was also decreased for both CX~3~CR1^+/+^ and CX~3~CR1^−/−^ mice following 4 weeks of 0.2% CPZ treatment. The tCho spectrum peak is complex and consists of several metabolites, including PCho and GPC, which are often difficult to separate. As such, studies often only report on the total Cho concentration. Nonetheless, GPC has previously been suggested as a marker for membrane turnover and, as such, alterations in GPC levels represent altered membrane synthesis and catabolism and are closely linked to myelination ([@b42]). Cho, on the other hand, was shown to be increased in human MS patients who suffered inflammatory, demyelinating lesions ([@b43]). The decrease in tCho concentration that we observed following 0.2% CPZ treatment is therefore in line with the current consensus concerning GPC, but contradictory to the previous findings on Cho in human MS patients. This contradiction can however be explained by the severe disruption of normal mitochondrial functioning by CPZ treatment ([@b11],[@b14]), as Cho concentrations have frequently been observed to decrease in various mitochondrial diseases ([@b44],[@b45]). In particular, the copper-chelating properties of CPZ disrupt the cupro-enzymes of the electron transport chain, which results in mitochondrial dysfunction and thus ATP shortage. This specifically results in oligodendrocyte cell death, as these cells have a very high metabolic demand while synthesizing myelin sheaths ([@b11],[@b12],[@b14]). Interestingly, type III MS lesions (which are mimicked by the CPZ mouse model) also show signs of mitochondrial damage and are seen very early during MS pathology ([@b2],[@b46]). While it is tempting to speculate that these lesions are a precursor for the development of type I and II MS lesions, no causal link has been found despite profound testing of this hypothesis ([@b47]). While type II MS lesions are the predominant type of lesion, type III MS lesions are the second most abundant lesion type and occur in nearly half of the patients within months of receiving the diagnosis of MS. As such, the early occurrence of mitochondrial damage in type III MS lesions, coupled to the ability of ^1^H-MRS to detect a decreased tCho concentration in the CPZ model, makes the latter an interesting finding, which, if developed further, could possibly allow an earlier diagnosis of MS.

While tNAA and tCho were seen to change concentration in both CX~3~CR1^+/+^ and CX~3~CR1^−/−^ mice following 4 weeks of 0.2% CPZ treatment, the concentration of Tau and Glu only changed in CX~3~CR1^+/+^ mice following 4 weeks of 0.2% CPZ treatment. In mice, Tau has been identified as a marker for gliosis since it was found to be upregulated in reactive astrocytes. Here Tau, an important osmoregulator, is thought to fulfil a neuroprotective role in response to for example oxidative stress and ischemia ([@b8],[@b9]). Therefore, the observed upregulation of Tau in CX~3~CR1^+/+^ mice following 4 weeks of 0.2% CPZ treatment fits well with the histologically observed increase in S100β^+^ astrocytes and the presence of pronounced astrogliosis in CX~3~CR1^+/+^ mice. We also observed a decreased concentration of Glu in CX~3~CR1^+/+^ mice, but not CX~3~CR1^−/−^ mice, following 4 weeks of 0.2% CPZ. This decrease however contrasts findings in human MS patients, which observe an increased Glu concentration in acute lesions ([@b48]), which was linked to the acute inflammatory reaction (e.g. gliosis). As Glu and Gln are closely linked, an increased Gln concentration could be expected as well, but was however not observed. Our observations on Glu and Gln could possibly be explained by the way CPZ works. First, as mentioned above, CPZ inhibits efficient mitochondrial ATP production. While CPZ affects the mitochondria of all cells, not all cells undergo apoptosis. Neurons are metabolically very active but are protected from CPZ-induced ATP shortage via the metabolic coupling to astrocytes (Glu--Gln shuttle) ([@b14]). Second, a recent study has also shown that CPZ treatment induces liver dysfunction, which results in reduced plasma levels of Ala, glycine and proline ([@b36]). A shortage of these three amino acids might induce their synthesis within the brain, with Glu being either a direct precursor (proline) or a mediator in their synthesis (Ala and glycine). This might eventually result in a reduced Glu concentration within the brain. While unproven, both these hypotheses could offer a possible explanation for the observed decrease of Glu and absence of increased Gln.

Conclusions
===========

In this study, we observed that CX~3~CL1/CX~3~CR1 signaling is a key contributor to neuro-inflammation in the CPZ mouse model. We have shown that CPZ-induced demyelination and CPZ-induced demyelination-associated inflammation show different ^1^H-MRS metabolite spectra. More specifically, differences were seen in Tau and Glu concentration. As human MS type III lesions are often seen preceding the occurrence of autoimmune-mediated demyelinating lesions (type II lesions), the use of ^1^H-MRS tCho analysis as an early diagnostic for MS patients should be further explored.
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^1^H-MRS

:   proton MRS

Ala

:   alanine

Asp

:   aspartate

Cho

:   choline

CNS

:   central nervous system

CPZ

:   cuprizone

Cr

:   creatine

CRLB

:   Cramér--Rao lower bound

f~csf~

:   cerebrospinal fluid fraction

f~gm~

:   gray matter fraction

f~wm~

:   white matter fraction

GABA

:   γ-aminobutyric acid

Gln

:   glutamine

Glu

:   glutamate

GPC

:   glycerophosphorylcholine

Lac

:   lactate

MBP

:   myelin basic protein

MS

:   multiple sclerosis

NAA

:   N-acetylaspartate

NAAG

:   N-acetylaspartylglutamate

O.D.

:   optical density

OVS

:   outer volume suppression

PCho

:   phosphorylcholine

PCr

:   phosphocreatine

RARE

:   rapid acquisition and relaxation enhancement

Tau

:   taurine

tCho

:   total choline

tCr

:   total creatine

T~E~

:   echo time

tNAA

:   total N-acetylaspartate

T~R~

:   repetition time

VOI

:   volume of interest
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